A simple mathematical description of thick hologram recording and playback is given using a basic wave front representation. Results are obtained for amplitude and phase holography. This approach is very accessible to students and predicts the important results that are obtained in early and some more advanced holography experiments. The approach is also quite general and applies to transmission and reflection holography.
I. INTRODUCTION
It is quite common in the undergraduate laboratory to prepare phase holograms by bleaching silver halide 1 or through the use of photopolymers. 2 Students find the experiments interesting and rewarding not least because of the remarkably life-like three-dimensional ͑3-D͒ images that can be obtained. Holography is also very useful from the teaching viewpoint, because it combines the phenomena of interference and diffraction as well as requiring careful laboratory technique for worthwhile results.
In holography texts, the recording of an amplitude hologram and reconstruction of the 3-D image are discussed using simple theory, 3 but the more common phase hologram is neglected. For thick holograms, coupled wave theory 4, 5 provides a comprehensive treatment of both amplitude and phase holography in transmission and reflection geometry, but this approach is readily accessible only to more advanced or graduate students. Furthermore in some presentations of coupled wave theory, it is not obvious that the object wave is reconstructed because plane waves are assumed throughout. Therefore there is a need for a simple approach to the theory of thick phase holograms that will be helpful to students in the early stages of understanding and doing holography. The approach taken here is to use simple wave front representation.
II. PROCEDURE
Assume that the reference wave is plane and has uniform amplitude a. Its wave normal is at an angle to the hologram front surface, which lies in the x,y plane. The object wave front has amplitude b(x,y) and its normal is at angle Ј(x,y) to the x,y plane. The x,y dependence of b indicates that the light from the object wave varies spatially in brightness and the x,y dependence of Ј indicates an object of complex shape so that the wave normal direction will vary with position x,y on the hologram ͑Fig. 1͒. The angular wave number is kϭ2/, the angular frequency is , and t is time.
Thus, the reference wave is a cos͑ky sin Ϫt͒ ͑1͒
and the object wave is b cos͑ky sin ЈϪt͒. ͑2͒
The total intensity, I(x,y), is given by the time average of the square of the sum of ͑1͒ and ͑2͒, 
III. AMPLITUDE HOLOGRAPHY
Assume that the amplitude transmissivity of the recorded hologram is proportional to the exposure, which in turn is proportional to I(x,y). It is also assumed that ϪЈ at ͑x,y͒ remains constant during recording. This implies that the two waves are mutually coherent and that the recording setup is interferometrically stable for the duration of the exposure. Then if we illuminate the hologram using only the reference wave we obtain transmitted waves by multiplication as follows: The first term in Eq. ͑5͒ represents the zero order wave. The second is a phase conjugated version of the object wave but its general direction is now at an angle sin Ϫ1 (2 sin ) to the hologram plane. If a phase conjugate version of the reference wave, a cos(Ϫky sin Ϫt), is used to illuminate the hologram, then it is easy to show that the general direction of travel of this wave is that of the original object wave but in the opposite sense and a pseudoscopic image of the object is formed. The third term is a replica of the original object wave ͓Eq. ͑2͔͒ and represents the familiar 3-D image.
IV. PHASE HOLOGRAPHY
We now assume that the effect of the object and reference wave illumination of the photosensitive layer is to modulate the refractive index of the layer. Bleaching a silver halide emulsion can do this or it can occur as a result of the pro-duction of polymer in illuminated regions combined with concentration driven diffusion of monomer into those regions. 6 The spatially varying refractive index modulation ⌬n(x,y) is assumed to be proportional to the exposure and hence the intensity I(x,y) .
If the effective thickness of the photosensitive layer is d, a constant for a collimated reference beam, then the optical path modulation is ⌬n(x,y)d and the phase modulation is 2⌬n͑x,y ͒d/, which can be written as
where c is a constant given by
If the amplitude of the object wave is small compared with the reference wave or if the object wave is of spatially uniform intensity, then the effect of the first term (a 2 ϩb 2 )/2 in Eq. ͑6͒ is to impose a spatially uniform phase shift, which we will ignore.
Thus, when the reference wave illuminates the hologram it is phase modulated and we find the transmitted waves by adding cI to the phase of the reference wave a cos͑ky sin ϪtϩcI͒ ϭa cos͕ky sin Ϫtϩabc cos͕ky͑sin Ϫsin Ј͖͖͒.
͑8͒
Let the second term The first term in this last expression is again a phase conjugate version of the object wave traveling in the general direction sin Ϫ1 (2 sin ) to the hologram plane. The second term is again a replica of the original object wave ͑2͒ and is in phase quadrature, i.e., 90°out of phase, with the illuminating reference wave. The latter result can also be obtained from coupled wave theory 7 in which it expresses the fact that light is coupled back and forth between the two waves.
In conclusion it is seen that coupled wave theory is not required when seeking to derive some of the important results in the theory of thick transmission and reflection holograms. An approach based on simple wave front representation can be used instead. Amplitude and phase holograms have been treated separately for clarity. A plane reference wave is also assumed but even this is not strictly necessary using the approach adopted here.
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